Abstract: Afghanistan is a mountainous country with a significant amount of snow during the winter and once it melts the water runs into rivers, lakes and streams. Therefore it does not face any shortage of running water during the year. Also, Afghanistan has plentiful wind and solar energy potential. Therefore, small hydro-power, wind turbines and solar energy are attractive renewable energy sources for remote communities. The development of such a hybrid power system is a complex process. This paper will give an insight into design, costeffectiveness and feasibility of a hybrid power system using Hybrid Optimization Model for Electric Renewable (HOMER) with two different scenarios in order to encourage private investors and local community people to take advantage of this potential available in Afghanistan and ensure sustainability of investments in micro-hydropower, wind and solar.
INTRODUCTION
In Afghanistan, electricity is mostly generated by hydroelectric, diesel and natural gas generators. A significant amount of electricity also is imported from neighboring countries. Access to electricity in Afghanistan is very limited and only found in urban areas. More than 80% of Afghanistan's population does not have access to electricity [1] . However, to those who have access to electricity, it is served sporadically. For instance, electricity may be offered only four to six hours per day or every other day.
In 2011, Afghanistan had energy usage of about 3,086 GWh, of which 27.5% was generated inside the country and 72.8% imported from the neighboring countries including Uzbekistan, Turkmenistan, Tajikistan and Iran [1] . Afghanistan is becoming industrialized and, as the economy is growing, there is an increase in demand for electricity. Therefore, it is a significant challenge for the government to respond to the increasing demand and also provide accessibility to electricity to the rest of the population. Although Afghanistan is becoming more urbanized, about 70% of the population lives in rural communities.
Access to reliable and affordable electrical energy is vital for sustainable development in rural communities and it can play a significant role in reducing poverty and deforestation, and improving healthcare and living standards. Access to electricity in rural communities in Afghanistan is very limited and an accurate estimation of rural population having access to electricity is not available. Although some of these remote communities are served by local diesel fuel generators for just a couple of hours during the night, still most communities do not have access to electricity and they are using wood and kerosene as major sources of energy in cooking, heating and lighting. For those remote communities who are served by local diesel fuel generators, the cost of electricity is much higher than from the national grid. On the other hand, extending the power grid to the rural communities is very expensive, yet crucial and remains unresolved and, in some cases, impossible for such communities because of the geographical features of the country. The government does not have adequate funds to invest in extending the power grid.
Micro-hydropower is the most widely used and environmentally friendly renewable energy technology in the country. There are many for-profit and non-profit organizations working to develop this technology in many areas, but they still face many challenges in the design, construction, and siting. Besides micro-hydropower, wind turbines and solar power are also attractive renewable energy sources for rural communities. In this paper, a small hybrid power system with different sources such as microhydropower, photovoltaic, wind turbine, diesel generator and battery storage is designed and optimized for cost effectiveness by using HOMER [2] . The system is studied and developed for two different scenarios. In the first scenario the system does not have any energy outage during the year. In the second scenario a 14.3% energy outage during the year is considered to see the effect on the overall cost of the system and energy cost per kWh.
II.
PROJECT AREA DESCRIPTION Bamiyan is one of the 34 provinces in Afghanistan; it is located in northern part of the country and is divided into seven minor civil divisions. The project is located in the northwestern region of the Yakawolang division which has 795,000 total populations [1] . It is important to note that the fans are no winter and parts of spring and fall seas contribute significant loads in the system, th energy consumed is separated into two dif periods for more accuracy. The estimated ho warmer and cooler parts of the year, based o given in Table 1 , are given by Fig. 1 and Fig.   Fig. 1 ot used during the sons. Since fans he total estimated fferent six month ourly loads of the on the information 2.
The total estimated peak load is that will be seen by the system, beca for a certain time period might not b time. Therefore, a coincident facto demand. Based on experience and e coincidence factor is assumed to warmer month peak load becomes 6 of energy consumed. To import the l hourly load profile for the whole y hourly estimated load for different m IV.
RENEWABLE RESOU

A. Wind and Solar
Estimated high-resolution annua Afghanistan is developed by NRE methodology using a numerical mo wind and solar were developed in th Systems (GIS) format and incorp Toolkit (GsT). GsT provides month data for every province in Afghanist the system with either hourly wind data in a period of a year, or monthl solar radiation data. Since the hou radiation data are not available, the monthly average wind speed and NREL [3] . Table 2 shows the averag speed data for the selected site. It is obvious that the site has go the wind resource is poor.
B. Hydro
The proposed river in this projec e-Amir. Most of the rivers in Afghan precipitation. Therefore, flow vo However, the flow of water is high s not the actual peak load ause all the loads allocated be switched on at the same or is applied to the load engineering judgment, the be 0.8. Thus, the daily 60 kW with 670 kWh/day load data into HOMER, an year was created based on months. because of snow-melting. On average, April to August has higher flow of water than other months and August and September have lower flow. Unfortunately, there is no accurate data of stream flow in Afghanistan. Data on stream flow is financially difficult to survey and obtain in Afghanistan. Because of the lack of survey and flow data of the proposed river, the flow is assumed to be 100 l/s during dry season. The assumption is based on a survey in 2003 [4] on Band-e-Amir, which is located in the same province and sees similar weather as Darya-ye Band-e-Amir. A stream flow profile was created for the proposed river based on the seasonal weather of the site and is shown in Fig. 3 .
URCES
V. SIMULATION DATA
In order to estimate the cost of a hybrid power system, availability of renewable energy over a period of one year and details of each component are required. The available renewable resources are already discussed for the selected site. The details of each component include capital cost, replacement cost, operation and maintenance cost, diesel cost and some other constraints that will be introduced in the following discussion. HOMER simulates the system with different combinations of the available sources. The output includes the capital cost, net present cost, energy per kWh cost, component size and other electrical characteristics. Available power sources are expected to be microhydropower, PV, wind turbine, diesel generator, and battery storage. There is no grid connection to the system. HOMER simulates the different combinations of these power sources and provides the optimal combination. The characteristics of each source and component are explained in the following sections.
A. Micro-hydropower
The specific cost of micro-hydroelectric stations varies from $400 to $800 per kW of established capacity. The transportation and civil work add another $600 to $1,200 per kW. In general, expenses are determined by the condition and cost of transportation, civil work, and technology offered in the topographic area. For this project, different microhydroelectric generators and civil work costs were investigated and finally capital, replacement, operation and maintenance costs were estimated to be $43,000, $10,000, and $500/year respectively for a 30 kW system [5] . The capital cost includes $16,000 for the generator and $900/kW for installation. HOMER can only consider a single size of hydro system. Thus, the cost and properties of the size of hydro system should be specified. The characteristics of the considered generator are given in Table 3 . B. Photovoltaic System PV arrays costs vary based on their technology. In general, a PV costs $1.60/W. The capital costs of a PV system include: the PV array cost and other costs such as labor, installation and structure costs. Different PV array costs were investigated and finally a 1 kW PV array cost was assumed to be $1600 [6] . Civil work also contributes a significant portion of the capital cost and it is assumed to be $600/kW. The replacement cost is almost equivalent to the capital cost. Operating and maintenance costs are not high for a PV system; we assumed $10/kW per year. The system is designed with no tracking and a range of sizes is considered from 0 to 100 kW. HOMER will simulate the system within the given range and will give the output with the optimal size of PV.
C. Wind Turbine
Wind turbine cost varies based on the technology used and tower height. Costs of civil work and installation of wind turbines also vary based on site condition and turbine size. The wind turbine that is chosen to be installed in the system is 10 kW BWC Excel-S w/ Powersync; it is included in the HOMER database. The turbine costs about $50,000 and it includes 30-m. guyed lattice tower kit, inverter and tower wiring kit [7] . Installation costs of the turbine range between $10,000 and $15,000 at the selected site. Therefore, capital cost is considered to be $65,000 for turbine with $15,000 for installation. The replacement cost is considered to be $50,000 and the operating and maintenance costs are assumed to be $500 per year per unit. The numbers of wind turbine units are considered to be 0 to 10 units. HOMER will simulate the system with given range and the output will the optimal number of wind turbines in the system.
D. Diesel Generator
The cost of generators varies based on size and brand. Different sizes of generators are selected [8] to allow HOMER to simulate the system with these sizes and determine the optimal size of the generator. The installation cost is assumed to be $4000 per generator. The operation and maintenance cost varies based on each generator size and it is typically higher for a higher size of generator. Diesel prices in Afghanistan were last reported at $1.50/liter, and the lubricant price reported was also $1.50/liter. The emission penalty is fixed to $2.25/l as per international standard. The selected generator sizes, capital, replacement, operation and maintenance and diesel cost are shown in Table 4 . 
E. Inverters and Control Charger
Costs of inverters and control chargers vary based on their sizes. Often they decrease per kW when the size is increased. Different sizes of inverters and control chargers were considered in order for HOMER to simulate the system with different sizes and determine the optimal size and cost. The inverters and control charger sizes and their costs are shown in Table 5 [6]. 
F. Battery Storage
Battery storage is considered in the system so that when the load demand is less than the available renewable energy, the excess energy can be stored in batteries. Batteries will supply stored energy when the load demand increases in the system. Although battery storage needs regular maintenance, it is less expensive than running a generator in the long term. However, HOMER will analyze the system with different combinations, both with diesel generator and battery storage separately and will provide the optimal solution. The Trojan L16P battery type is selected which has nominal voltage of 6 V and nominal capacity 360 Ah (2.16 kWh). The capital, replacement and operation and maintenance costs associated with each battery are $360, $300 and $15/year respectively [6] .
G. Other Constraints
Since the diesel price varies during the life-cycle of the system, sensitivity analysis was introduced on diesel prices. Two values for diesel price: $1.50/l and $1.60/l, were considered in order to investigate the total cost of the system with each diesel price. Additionally, sensitivity analysis was conducted on the height of the wind turbine with 30-m and 50-m towers to investigate the impact of wind turbine height in the system. Moreover, a 10% spinning reserve was considered for fluctuation in load demand.
Two scenarios were introduced to be simulated. The first scenario considers that there will not be any energy shortage in the system. The second scenario considers a 14.3% annual energy shortage based on the number of houses. Total houses are 430 and 14.3% is equal to 62 houses that will have an outage once a week.
VI. RESULTS AND DISCUSSSION
The schematic diagram of the system is shown in Fig. 4 .
The system's simulations were performed by HOMER for each of the 8,760 hours in a year. Results of two scenarios are discussed below.
A. First Scenario
Simulation results which include each component size, each system configuration's costs and total net present cost of the first 4 optimal combinations are shown in Fig. 5 with selected diesel price of $1.50/liter and wind turbine height of 30-m.
The first optimal system configuration, in terms of total net present cost, is the combination of the solar arrays, microhydropower, battery storage and inverter as shown in the first row of Fig. 5 . The second optimum system configuration is the combination of solar arrays, micro-hydropower, diesel generator, battery storage, and inverter. The diesel generator in this combination is utilized only during peak times. The third optimum system configuration is the combination of PVs, wind turbine, micro-hydropower, battery storage, and inverter. In this combination the available energy from each renewable source, when the peak demand is low, will be stored in batteries. All sources including battery storage will contribute together to respond to the peak demand. The fourth system configuration is the combination of all sources including PVs, wind turbine, micro-hydropower, diesel generator, battery storage, and inverter. The cost of energy increased only slightly for these cases.
The solar source is available only during day time. Since the maximum output of PVs is during the mid-day the solar power can take care of the peak load in the mid-day where micro-hydropower alone would not be able to respond to the total demand. During the time when the demand is low, the excess energy produced by micro-hydro and PVs is used to charge the batteries. The highest load demand is during evenings. Since PVs do not produce power, the battery storage will produce enough power to meet load requirement during peak time. Micro-hydropower will run all the year and supply power to the base load.
Since the most optimal combination does not have diesel generator and wind turbines, it is insensitive to variation in diesel prices and wind turbine heights. Therefore, the total net present cost and energy cost per kWh will not be changed. 
, based on diesel price of $1.50/l and turbine height 30-m, are shown in Table 6 . In this table it can be seen that the cost of energy increases significantly as the size of diesel generator increases and it replaces other generation types. Sensitivity analysis on other cases showed that raising turbine height from 30-m to 50-m has insignificant impact on the overall system costs and energy cost per kWh whereas raising diesel prices has more impact on the overall system costs and in energy cost per kWh, especially in combinations in which diesel generators provide more power. For instance, in the system with only one diesel generator of 70 kW with diesel price $1.5/l, the total net present cost and energy cost per kWh are $2.84 million and $0.824/kW, whereas with diesel price of $1.6/l the net present cost and energy cost per kWh increase to $3.01 million and $0.874/kWh.
B. Second Scenario
This scenario is designed with a 14.3% annual shortage of energy in the system. It is based on the assumption that the communities do not have enough funds to invest and are willing to pay less for energy per kWh by introducing certain load and outage management rules. The overall system cost and energy cost per kWh will decrease by having an annual energy shortage. An annual energy shortage requires a load management in the system, meaning that certain rules for the communities have to be put in place to manage their energy consumption during peak load hours. If for some reason, the communities do not want to manage their energy consumption during peak time, another solution is that each of the 65 houses will have an outage of power once a week. The simulation results of the first 5 optimal combinations, with a 14.3% annual energy shortage, are shown in Fig. 8 with diesel price of $1.50/l and wind turbine height of 30-m.
In this scenario, the total net present cost and costs of energy per kWh are significantly lower than the first scenario, i.e. without any annual energy shortage. The results in Fig. 8 show that the optimum system combination is the first row, which consists of PVs, micro-hydropower, battery storage, and inverter. The second best optimum system combination is comprised of PVs, micro-hydropower, wind turbine, and battery storage with inverter.
Since the most optimal combination does not have a wind turbine or a diesel generator, the total net present cost of the system and energy cost per kWh are insensitive to different diesel prices and wind turbine heights. Total net present cost, initial cost, energy cost per kWh and each component size and units for all possible combinations, based on diesel price of $1.50/l and turbine height 30-m, are shown in Table 7 . Again, in this table we can see that total net present cost and cost of energy increase significantly with increase in diesel generator size. 
VII. RECOMMENDATIONS AND CONCLUSION
The main goal of this paper is to show that renewable energy can play a significant role in providing electricity to rural communities. Integrating available renewable energy and implementing a hybrid power system mitigates the cost of the system and energy per kWh in the long term rather than investing in diesel generators. Distribution of the load in 24 hours within a community varies, and often the peak demand is during the evening and mid-day. If there is not enough renewable energy to meet the demand during the peak time, there are two solutions that are recommended to meet the load demand. First, the system should be designed with a battery storage bank. The battery storage bank will be charged by renewable sources such as micro-hydropower, PVs and wind turbines, when the energy output from these sources is larger than load demand. Usually, load demand is low during nights and energy provided by micro-hydro and wind turbines will be saved in a battery storage bank. The second solution is to run a diesel generator during the peak demand time. The proposed project was designed with back-up sources, battery storage and a diesel generator. Yet, the results shown in previous sections state that for long-term plans, battery storage is more suitable and cost-effective than a diesel generator.
The proposed project was designed and simulated for two different scenarios based on annual energy shortage in the system. Two scenarios were completed in order to discover the optimum results by having the choice to compare the results against each other. In the first scenario, the system was designed without any annual shortage energy in the system and the net present cost and cost of energy per kWh were found to be $512,516 and $0.149, whereas in the second scenario with 14.3% annual energy shortage the net present cost and cost of energy per kWh became $331,928 and $0.105. Upon comparing these scenarios, we see that the cost of the system in the second scenario is much lower than in the first scenario. The second scenario is recommended to be implemented, because it requires much less financial investment in the long term and the cost of energy per kWh is low. Additionally, the communities can participate in implementing the project by placing some restrictions on the use of the electricity. The annual shortage of energy will be covered by putting into place some restrictions on the customers during peak time to decrease their energy consumption. Another way to take care of the annual shortage of energy is for 14.3% of the total houses to have an outage once a week. Since the most optimal combination does not have any wind generator and diesel generation, sensitivity analysis is not of much consequence.
In conclusion, this study shows that developing a standalone hybrid power system is more cost effective and suitable for rural communities, where renewable resources are available, than running diesel generators. The result of this study should encourage private investors and local community members, especially in Afghanistan, to take advantage of renewable energy and be convinced that there is sustainability in investing in stand-alone hybrid power systems. The results shown in this paper are based on several assumptions and estimated data to obtain a rough idea of different solutions to provide electricity to rural communities in Afghanistan. More detailed data must be used to obtain better estimates of the financial viability of the proposed project.
